We present a cluster-model calculation of local vibrational modes in hexagonal GaN using the valence-force model of Keating and Kane with valence-force parameters fitted to Raman and neutron-scattering experiments. We used the scaling-factor approximation to describe the interatomic forces of the central defect atom. For hexagonal GaN:Mg we find three modes at 136, 262, and 656 cm Ϫ1 in good agreement with experiments. For cubic GaN:As the isolated impurity atom gives us local modes at 95, 125, 151, and 250 cm Ϫ1 , which were observed as sharp lines in the experiment. For Si and C defects, for which local modes have not yet been reported, a similar choice of scaling factor as for Mg and As leads to modes that strongly hybridize with the host phonons.
I. INTRODUCTION
GaN has become the focus of wide band-gap semiconductor research.
1 In order to use GaN in device applications it has to be doped; while n doping is readily achieved successful p doping has been reported only with Mg. The dopant atoms, apart from changing the electrical properties of a material, can also appear in the vibrational spectrum of the host. Depending on the mass and also the bonding forces of the dopant atoms there may be localized vibrational modes in the phonon spectrum as observed by optical or neutron spectroscopy. In general, two types of local vibrations may be distinguished: local modes and resonance modes. A local mode is characterized by its frequency, which lies in the range forbidden for the modes of the perfect host crystal. Its vibration amplitude is large at the impurity site and decreases rapidly with increasing distance from the impurity. The frequency of the resonance modes lies in the range of frequencies allowed to the modes of the perfect host crystal. Its vibration amplitude is significant not only directly at the impurity atoms but also for the neighboring atoms. In case of a large phonon density of states such modes hybridize strongly and are difficult to observe experimentally. In practice, if observed, the frequency of a local mode may be used to determine the type of adatom and its relative strength the concentration. 2, 3 Theoretically, local vibrational modes may be described by a variety of methods. Early calculations of the impurityinduced vibrations were based on Green's-function theory in the form of the one-parameter defect model of Grimm et al. 4 Their approach was the method of choice for a large variety of impurities in numerous zinc-blende-type crystals. [5] [6] [7] The newer calculations of elastic properties governing the lattice vibrations use a supercell method together with frozenphonon model ͑e.g., Refs. 8-11͒. This method was used to calculate the forces only for a special and simple atomic displacement and not applied to calculations of localized vibrations. Another method uses first-principles calculations of the interatomic forces for simple displacements of the nearest neighbors of the defect to determine the parameters of a valence-force model. 12, 13 In a second step, these parameters are used to calculate the phonon dispersion curves and density of phonon states. With this method the local vibrational modes at several impurities in III-V compounds were calculated.
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Ab initio results for the phonon frequencies or for the local modes in hexagonal GaN have not yet become available.
II. MODEL
In this paper, we focus on the local vibrations of Mg, As, Si, and C impurities in hexagonal GaN and of an As impurity in cubic GaN. Our model is based on the harmonic approximation of forces between atoms and a modified valenceforce model of Keating and Kane. The simple model of Keating 17 for bond stretching and bond bending forces was extended by Kane 18 to include up to the third-nearest neighbor interactions as well as Coulomb interaction. Their model was originally developed for cubic crystals in which case there are eight independent parameters and an effective charge for the long-range Coulomb interaction. For hexagonal symmetry the valence-force model was generalized by Göbel et al. 19 The anisotropy of hexagonal GaN was taken into account by introducing two sets of parameters: one describing interactions along the c axis and one for interactions perpendicular to the c axis. They were used to set up the dynamical matrix, the eigenvalues of which are the squares of vibrational frequencies, and the Kane parameters were obtained for the perfect crystal from a calculation of the phonon dispersions curves and a comparison with second-order Raman spectra and neutron spectra of hexagonal GaN.
In crystals vibrational modes may be localized around a defect because of the difference in mass of the defect compared to the host atom or the change in electron density resulting in changes of the interatomic forces in the vicinity of the defect. In order to determine the eigen-frequencies and -vectors ͑and hence symmetry͒ of a localized vibration we constructed a cluster of host material around the defect and adopted the scaling-factor approximation 20 to describe the changes in the interatomic forces near the defect. The cluster contained 296 vibrating atoms arranged in 34 so-called coordination shells. The first shell is the central atom of the cluster, i.e., the impurity itself. The remaining shells are ordered by the distance of the shell atoms to the central atom, i.e., the second shell consists of the ligand atom in the c-axis direction and the third shell represents the three ligands of the off-axis direction. In case of magnesium the impurity replaces a Ga atom of the perfect host crystal, and the second and third shells contain the four nitrogen atoms as nearest neighbors of a Ga site. To calculate the phonon density of states, the Brillouin zone was divided into a 100ϫ100 ϫ100 mesh. The identification of the symmetry of the calculated modes occurred by the application of symmetryadapted functions.
The scaling-factor approximation assumes an equal relative change of all parameters in the vicinity of the impurity. If p is a parameter of the perfect crystal, the corresponding value at the defect site is modified by the factor (1ϩs). The scaling factor s is thus a measure of change of the interatomic forces at the impurity. A negative s indicates a local softening of the interatomic forces and a positive s means that the defect site is more strongly bound to its nearest neighbors than the atoms of the perfect crystal. From the calculations, we obtain the energy and localization of the modes as a function of scaling factor s. Comparing with the experimental values, we were able to determine the specific scaling factor for the impurities considered.
In determining the localized vibrational modes we proceeded as follows. In a first step we determined the valenceforce parameters of Kane for the perfect hexagonal GaN crystal. Because the full dispersion curves from neutron scattering are not yet available we compared the calculation with the zone-center frequencies observed in Raman scattering. In this procedure the upper B 1 silent mode remained unconsidered during fitting. In order to include experimental data for points away from ⌫ we compared the calculated phonon density of states of hexagonal GaN with experimental data available from second-order Raman spectra. 21 Recently, Nipko et al. 22 presented the neutron density of states of hexagonal GaN. A comparison between the calculated density of states of Ref. 21 showed good agreement in the energy range up to 600 cm Ϫ1 ͑75 meV͒. Slight differences were found in the high-frequency range. In order to improve our dispersion curves, we shifted the so far undetermined upper B 1 silent mode at ⌫ ͑from 642 to 706 cm Ϫ1 ) and K ͑from 616 to 632 cm Ϫ1 ) and the optical branch ͑from 576 to 617 cm Ϫ1 ) at the K point of the Brillouin zone. These additional constraints resulted in an excellent agreement with the neutron and Raman density of states; in particular they resulted in a minimum in the phonon density of states at about 81 meV as observed in Ref. 22 . Figure 1͑a͒ shows the improved calculated phonon-dispersion curves of hexagonal GaN and Fig.  1͑b͒ the corresponding density of phonon states together with the neutron experiments. Our calculations of the local modes are based on these dispersion curves.
III. RESULTS

A. Mg in ␣-GaN
We turn now to the local vibrational modes in hexagonal GaN. Figure 2 shows the first-order Raman spectra of Mgdoped GaN taken from Ref. 23 . In addition to the phonons of the perfect crystal ͓A 1 ͑TO͒ at 533 cm Ϫ1 , E 2 at 568 cm
Ϫ1
and A 1 ͑LO͒ at 735 cm Ϫ1 ͔, five Mg-concentration depended modes at 136, 262, 320, 595, and 656 cm Ϫ1 and not present in pure GaN were observed; all these modes exhibited A 1 symmetry. 23 The modes at 136, 262, and 656 cm Ϫ1 are located in energy ranges with low density of phonon states in the perfect crystal ͑Fig. 1͒ and were assigned to local vibrational modes of magnesium in GaN. The peaks at 320 and 595 cm Ϫ1 are in an energy range with a high density of phonon states for the perfect crystal. 24 These vibrations were assigned to disorder-activated scattering, in which built-in defects, due the loss of translational symmetry, yield a relaxation of the q ជ ϭ0 section rule for first-order Raman scattering. Similar observations in the Raman spectra at 300 cm
were reported by Ref. 25 , who interpreted this additional mode as resulting from damage of the crystal lattice induced by the post-growth ion implantation.
In order to verify these assignments we carried out calculations within the above model. Figure 3 shows the dependence of the energy of the local modes on scaling factor for the Mg defect in hexagonal GaN. Several local vibrational modes were found both in the range forbidden for the modes of the perfect host crystal, the so-called phonon gap between ϳ340 and ϳ540 cm Ϫ1 , and in the region of the host's acoustical and optical modes ͑below 330 cm Ϫ1 and between 540 and 760 cm Ϫ1 , respectively͒. We identified a local vibrational mode by the condition that the sum of the ampli- tudes of the eigenvector of all atoms in the first three shells around the defect is larger than about 20% of the vibration amplitude of the entire cluster. The circles in Fig. 3 describe local phonons with A 1 symmetry, the squares phonons with E symmetry. The best agreement with the experimental values ͑136, 262, and 656 cm Ϫ1 , open symbols͒ is achieved for a scaling factor of sϭϪ0.15; this implies that the force constants in the vicinity of the Mg defect are about 15% weaker than those of the perfect crystal. The energies of these vibrations are located in the region of the host phonons and the vibrations, due to a hybridization with the host phonons, are not strictly limited to the impurity and the nearest neighbor.
In Table I we compare the calculated vibrational frequencies of the Mg impurity in hexagonal GaN with the experiment. In addition to the vibrations described above, we found modes around 320, 360, 596, and 720 cm Ϫ1 with a localization of over 20% in the calculation. However, the modes around 320 and 595 cm Ϫ1 are also present in the perfect crystal and correspond to energies with a large density of states ͓see Fig. 1͑b͔͒ . This confirms the assignment of these modes to disorder-activated scattering. 23, 25 The calculated modes around 360 cm Ϫ1 are not observed in experiments. The modes around 720 cm Ϫ1 are located in the range of A 1 ͑LO͒ phonon. The energetic position of these local modes could explain the observed asymmetry of the A 1 ͑LO͒ phonon ͑see Fig. 2͒ .
B. As in ␣-and ␤-GaN
Another technologically interesting impurity in GaN is As, as in the growth of cubic GaN on a GaAs substrate, some As atoms may diffuse from the substrate into the GaN layer. It was shown that in low-temperature Raman spectra of GaN films grown epitaxially on GaAs contain, in addition to the host phonons, a series of sharp lines in the energy range from 95 to 250 cm Ϫ1 . 26, 27 Ramsteiner et al. 26 found peaks at 151 cm Ϫ1 ͑18.7 meV͒ and 217 cm Ϫ1 ͑26.9 meV͒ and attributed them to excitations in hexagonal GaN and peaks at 189 cm Ϫ1 ͑23.4 meV͒ and 237 cm Ϫ1 ͑29.4 meV͒ which were claimed to originate from cubic GaN. They interpreted these excitations as electronic Raman transitions in a shallow donor. Over 10 lines, the most intense ones located at 95, 125, 150, 190, 220, 235, and 250 cm Ϫ1 were found by Siegle et al. 27 They showed from magnetic field and pressure dependence that all lines should rather be of vibrational and not of electronic origin. A comparison of several series of samples showed that the lines occurred only in samples grown on GaAs substrates and in As doped GaN layers on sapphire. This suggested strongly that these lines are associated with As impurities. The lines at 190 and 235 cm Ϫ1 were attributed to a defect cluster based on their large halfwidth. In order to verify this interpretation we investigated the possibility that local vibrations of the As impurities in cubic or hexagonal GaN layer are the origin for the observed Raman lines. We carried out calculations within the described cluster model for As impurities in both structural modifications of GaN. The valence-force parameters of Kane in cubic GaN were determined similarly by a fit to the phonon dispersion curves of the perfect GaN crystal. For the fit we used the experimental Raman frequencies at the ⌫ point. 21 The calculations of the local vibrational modes in cubic GaN were performed using a cluster of 281 vibrating atoms arranged in 17 coordination shells, embedded in the nonvibrating crystal.
For the identification of the local vibrational modes in hexagonal case we used a similar condition as before, i.e., that the sum of the amplitudes of the eigenvector of all atoms in the first three shells around the defect is larger than about 25% of the vibrational amplitude of the entire cluster. The best agreement with the experimental values ͑95, 125, 150, and 250 cm Ϫ1 ) is achieved for a scaling factor sϷϪ0.15 Ϯ0.05 in cubic GaN. The remaining experimental modes at 190, 220, and 235 cm Ϫ1 were not found in the cubic modification. The localized modes between 550 and 740 cm Ϫ1 are located in the range of the host phonons of cubic GaN; they are hence difficult to observe and not listed in Table I . The similarity in the scaling factors of Mg and As is somewhat surprising since As is an isoelectronic impurity and Coulomb effects should be much smaller then for the donor Mg.
The local modes of As impurities in hexagonal GaN at 96, 178, and 235 cm Ϫ1 were reported by Ref. 27 . We obtain good agreement between the experimental values and the calculated local modes ͑at 118, 185, 239 cm Ϫ1 ) for the same scaling factor sϷϪ0.15Ϯ0.05. The energies of the vibrations at 185 and 239 cm Ϫ1 coincide with experimental values of the broad excitations in cubic GaN. Our calculation thus suggests that while the origin of the modes at 95, 125, 150, and 250 cm Ϫ1 is an isolated As impurity in cubic GaN, the broad modes at 190 and 235 cm Ϫ1 in nominally cubic GaN result from other more complicated forms of As incorporation or an As impurity incorporated in the hexagonal modification. In Table I we compare the calculated vibrational frequencies of the As impurity in cubic and hexagonal GaN with the experiment.
C. Si, C in ␣-GaN
Other dopants of interest for GaN are Si and C. [28] [29] [30] To our knowledge, vibrational modes for Si-or C-doped GaN have not been reported so far; we describe here our results on GaN:Si and GaN:C.
The slight mass difference of both impurities ͑Si-28 vs Mg-24͒ explains the similar behavior of the local modes. Our Raman studies of Si-doped GaN samples showed no experimental evidence of the local vibrations up to a concentration of 10 20 cm Ϫ3 for Si. The absence of the local modes in the Raman spectra may be explained either in terms of a much reduced Raman cross section or due their strong hybridization with the host phonons. Comparing the signal amplitude at equal concentration levels, the cross section of a vibration localized at a Si defect would have to be 100 times lower than that of Mg. Alternatively, the experimental observation of these modes may be prevented by a strong hybridization with the host modes, which occurs for a scaling factor in the range Ϫ0.2ϽsϽ0.2. This range is reasonable for s; earlier calculations of local modes in GaN sϭϪ0.1 was used for the Ti-and sϭ0.175 for the Fe defect. 19 Furthermore, it is known that donors like Si or C in GaAs or GaP have a strengthened bond compared to the pure crystal. 13 Therefore, we believe that s should be positive also for Si and C in GaN. Strong hybridization is thus a possible reason for the local modes of Si to be so weak that they have not yet been observed in GaN. For a scaling factor between 0 and 0.2, we found three frequencies with E and five with A 1 symmetry. The energies are 310Ϯ2 cm
, and 730Ϯ8 cm Ϫ1 (E). The error given describes the energetic variation of the local mode for the scaling-factor range 0рsр0.2.
In contrast to the Mg and Si impurities carbon atoms are imbedded on the N-lattice site. 31 The small mass difference between C-and N-atoms causes C-induced modes with frequencies close to those of phonons of the perfect host crystal. Choosing the same range of scaling factor the energy of these resonance modes are 601Ϯ8 cm
, and 747Ϯ20 cm Ϫ1 (E). Similarly to the situation in GaN:Si, we did not observe local modes experimentally in C-doped samples ͑up to a concentration of 10 21 cm Ϫ3 ); the calculated frequencies lie in the range of high phonon density of the host making them too weak to be observed ͑see also Fig. 1͒ . No modes are expected in the phonon gap region or above the optical phonons for this range of s.
IV. SUMMARY
In summary, local vibrational modes of Mg, As, Si, and C impurities have been investigated using a modified valenceforce model of Keating and Kane. Our model verifies the origin of the modes at 136, 262, and 656 cm Ϫ1 as vibrations of the Mg impurity in GaN. Our calculations for the GaN:As system confirmed that most of the sharp excitations observed at low temperature can be attributed to local modes of As impurity in cubic GaN. The broad modes are more likely to originate from As-complexes or from hexagonal GaN:As regions incorporated into the cubic GaN. For Mg and As we found scaling factors that indicated a weakening of the bonds compared to their value in the pure crystal. For the isoelectronic impurity As the softening is smaller (sϷϪ0.15) than for the acceptor Mg (sϭϪ0.2). This result is consistent with the finding of Newman for acceptors in GaAs and GaP. 13 The calculated energies of almost all local modes are in good agreement with the results obtained by Raman spectroscopy. We predicted possible frequencies for the local vibrational modes in Si-and C-doped GaN crystals and showed that for our choice of scaling factor a strong hybridization with host phonons is expected and is hence the likely reason for not observing the vibration of these impurities in GaN.
